end-diastolic or end-systolic areas (p = 0.35 and p = 0.12). Eighteen of the 101 patients had poor BH image quality (grade 1 or 2). In this subgroup, the quality of the FB images was better (p = 0.0032), as was the SNR grade (p = 0.003), but there were no significant differences regarding noise and sharpness (p = 0.45 and p = 0.47). Conclusion Although FB XD-GRASP CCMRI was visually inferior to conventional BH CCMRI in general, it provided improved image quality in the subgroup of patients with respiratory-motion-induced artifacts on BH images.
Introduction
Cardiac MRI (CMRI) has become a key tool for the evaluation of many cardiovascular diseases [1, 2] . This modality is noninvasive, allows study of both anatomical and functional parameters, and provides information about myocardial tissue composition, volume, and contractility. It is a tool complementary to echocardiography in that it is not operator dependent, allows access to the entire heart volume (including the apex), and provides unique combination of information about the heart tissue, including regional function, late gadolinium enhancement, T1 and T2 properties (including mapping), and diffusion.
Because of the limited encoding speed of conventional MRI, k-space lines may be acquired in different respiratory motion states during free breathing (FB) in conventional Cartesian acquisitions, resulting in ghosting or aliasing artifacts, as well as spatiotemporal blurring in the reconstructed images. The simplest approach to avoid such respiratory
Abstract
Objectives Residual respiratory motion degrades image quality in conventional cardiac cine MRI (CCMRI). We evaluated whether a free-breathing (FB) radial imaging CCMRI sequence with compressed sensing reconstruction [extradimensional (e.g. cardiac and respiratory phases) golden-angle radial sparse parallel, or XD-GRASP] could provide better image quality than a conventional Cartesian breath-held (BH) sequence in an unselected population of patients undergoing clinical CCMRI. Materials and methods One hundred one patients who underwent BH and FB imaging in a midventricular shortaxis plane at a matching location were included. Visual and quantitative image analysis was performed by two blinded experienced readers, using a five-point qualitative scale to score overall image quality and visual signal-to-noise ratio (SNR) grade, with measures of noise and sharpness. Enddiastolic and end-systolic left ventricular areas were also measured and compared for both BH and FB images. Results Image quality was generally better with the BH cines (overall quality grade for BH vs FB images 4 vs 2.9, p < 0.001; noise 0.06 vs 0.08 p < 0.001; SNR grade 4.1 vs 3, p < 0.001), except for sharpness (p = 0.48). There were no significant differences between BH and FB images regarding motion effects is to have patients suspend respiration during acquisitions. Although this approach is widely used in routine clinical MRI examinations [3, 4] , breath-holding capabilities and capacities are limited for a significant number of patients undergoing CMRI. Therefore, the quality of many CMRI examinations suffers from respiratory-motioninduced blurring or artifacts. These artifacts are related to both incomplete breath-holds (inability to perform or maintain breath holding) and drifts in the breath-holding position. They become severer in the presence of arrhythmias because of associated k-space data inconsistency, and this affects a large proportion of patients undergoing CMRI. Possible approaches to reduce the effects of respiratory motion-and avoid breath holding during the magnetic resonance measurement-include either prospective gating or triggering based on a navigator with a fixed acceptance window, or extended data acquisition with retrospective gating of respiratory and cardiac phases. However, these approaches reduce data sampling efficiency, and generally result in prolonged imaging times. To retain scan efficiency and still reduce the effects of respiratory motion artifacts without breath holding, several groups [5] have explored rapid continuous FB MRI radial acquisition schemes with compressed sensing reconstruction, for several types of MRI (including CMRI, as well as liver and brain MRI) [6] [7] [8] . However, those studies primarily focused on providing a proof-of-concept demonstration of the feasibility of the proposed imaging strategy. There is thus still a need for a larger-scale validation of these techniques so as to evaluate their potential clinical utility and robustness.
The purpose of our study was to compare image quality between an FB radial imaging cardiac cine MRI sequence in combination with a multidimensional compressed sensing reconstruction approach-extradimensional (e.g., cardiac and respiratory phases) golden-angle radial sparse parallel, or XD-GRASP [6] -and a conventional Cartesian breath-held (BH) sequence (here considered as our reference method) in an unselected population of patients undergoing clinical CMRI.
Materials and methods

Study population
This retrospective study was approved by our institutional review board and was performed according to standards of the Health Insurance Portability and Accountability Act. Documentation of consent was waived and was approved by the institutional review board. An additional short-axis FB cine acquisition was performed in 111 patients who underwent clinical CMRI at our center between October 2015 and February 2016. Ten patients were excluded because of the absence of a gold standard reference BH acquisition. Hence, 101 patients were included in total. Demographic characteristics are shown in Table 1 .
Breath-held cardiac cine imaging
The reference method was a conventional Cartesian cardiac cine MRI sequence, with BH acquisition using a balanced steady-state free precession (bSSFP) readout. Imaging was performed with a whole-body 1. 
Free-breathing cardiac cine imaging
FB imaging was performed with a whole-body 1.5-T scanner (Avanto, Siemens Healthcare, Erlangen, Germany) without any external gating or triggering. A 2D bSSFP sequence with a golden-angle radial acquisition scheme (approximately 111.25° [9, 10] ) was used for data acquisitions. One midventricular short-axis slice was acquired in each patient, with the slice position matching that of the corresponding BH acquisition. The acquisition parameters included the following: flip angle 40°, bandwidth approximately 1100 Hz per pixel, TR 2.8 ms TE 1.4 ms, field of view 320 × 320 mm 2 , slice thickness 8 mm, spatial resolution 2 mm × 2 mm (320 readout points in each spoke including twofold oversampling). The acquisition time was 23 s for each slice. XD-GRASP reconstruction was performed in each radial dataset. The reconstruction algorithm was used as described in the proof-of-concept study for XD-GRASP cardiac cine MRI [6] , enforcing sparsity by constraining the total variation [11] [12] [13] separately along the cardiac and respiratory dimensions. Since frame-to-frame similarities are higher between adjacent cardiac phases than between adjacent respiratory states, a higher penalty weight was chosen for the cardiac dynamics. For more details about XD-GRASP, see [6] . From the k-space central data that were repeatedly sampled in each k-space readout, we extracted quasi-periodic [14, 15] cardiac-motion-related and respiratory-motionrelated signal evolutions, one from each coil element. As described in [6] , the best cardiac and respiratory motion signals were selected according to the frequency range of the quasi-periodic signal, with the highest peak in the frequency range of 0.5-2.5 Hz representing the cardiac motion and the highest peak in the frequency range of 0.1-0.5 Hz representing the respiratory motion. The acquired k-space data were then binned according to different cardiac and respiratory motion states, followed by multidimensional compressed sensing reconstruction [16] [17] [18] [19] [20] [21] . The number of reconstructed cardiac phases was approximately 25 to match that in the reference method. For the purpose of the current study, only the end-expiratory phase was used for comparison with corresponding BH images that were also acquired at the end of expiration.
Comparison of free-breathing and breath-held images
To compare FB XD-GRASP cine images with corresponding reference BH cine images, one experienced cardiologist and one experienced radiologist (with 5 and 4 years of experience, respectively) blinded to the type of images (FB or BH) and relevant clinical information reviewed all images after randomization. This was performed with a custom program in MATLAB (R2015a, The Mathworks, Natick, MA, USA), which displayed the cine images and allowed qualitative and quantitative evaluation.
The first step in the readers' analysis was a qualitative visual assessment of the overall image quality, using a fivepoint grading scale. Grade 1 corresponded to nondiagnostic image quality, grade 2 to poor image quality, grade 3 to average image quality, grade 4 to good image quality, and grade 5 to excellent image quality. Then, the readers graded the visual signal-to-noise (SNR) using the same five-point grading scale (SNR grade). The next step was a set of quantitative measurements on the end-diastolic (ED) and endsystolic (ES) frames from each cardiac cine set. Specifically, two regions of interest (ROI) were drawn by the readers in homogeneous regions, one inside the left ventricular (LV) cavity and the other inside the interventricular septum, at both the end of diastole and the end of systole. Average pixel value, standard deviation, and size of the ROI were recorded for analysis. To evaluate sharpness, lines were drawn by the readers normal to the mid interventricular septum, and corresponding intensity profiles were recorded for analysis.
We used a surrogate measure of normalized noise: the ratio of the standard deviation to the average pixel intensity for each ROI. To evaluate sharpness, we analyzed the rise distance (10-90% of the peak value) [22] of the intensity changes across interventricular septum edges. Finally, the readers interactively drew endocardial contours to measure LV areas on ED and ES images to compare LV areas measured on BH cines versus FB cines.
Subgroup analysis: breath-held images of poor quality (grade 1 or 2)
After the readers' analyses, the likely patient-related causes of the poor quality of the BH cines (grade 1 or 2) were classified as (1) respiratory motion (blurring seen both above and below the diaphragm), (2) arrhythmias (blurring principally affecting the images of the heart alone), or (3) both.
Intraobserver and interobserver variability
The intraobserver reproducibility was evaluated by a subset of the FB or BH cines (total of 27 cines) being repeatedly shown to the readers, keeping them blinded to that information. Interobserver variability was evaluated for both qualitative and quantitative results.
Analysis of potential factors impacting the quality of the free-breathing images
To assess the origin of the artifacts in the FB cine images considered to be of poor quality (grade 1 or 2), we reviewed the patients' characteristics, noted any MRI findings that might affect the quality of reconstruction (such as wall motion abnormalities, including akinesia or hypokinesia), visually assessed the self-gating signal for the quality of cardiac and respiratory motion detection, and catalogued the artifacts encountered.
Statistical evaluation
For the analysis of qualitative and quantitative results, we used a paired Student t test for the entire population, and a Wilcoxon signed-rank test for the subgroups. For interobserver and intraobserver variability, we used linearly weighted Cohen's kappa for the analysis of qualitative results, and a Bland-Altman analysis with intraclass correlation coefficients and variability coefficients for the analysis of quantitative results. To assess associations of different potential factors with specific types of artifacts related to poor FB image quality, we performed univariate and multivariate linear regression.
Results
Comparison of free-breathing and breath-held images
For the quality of the FB cines, 34 of 101 (33.6%) were graded as 1-2, 25 of 101 (24.8%) were graded as 3, and 42 of 101 (41.6%) were graded 4-5; for the quality of the BH cines, 18 of 101 (18%) were graded as 1-2, 8 of 101 (8%) were graded as 3, and 75 of 101 (74%) were graded as 4-5. For the entire group of 101 patients, BH cines had significantly better overall image quality (p < 0.001), higher SNR grading (p < 0.001), and lower noise measurements (p = 0.002) than FB cines (Table 2 ). There were no significant differences in terms of sharpness (p = 0.24) ( Table 2) or of ED and ES areas (p = 0.35 and p = 0.12) ( Table 2 ).
Subgroup analysis: breath-held images of poor quality (grade 1 or 2)
For the subgroup of 18 patients who had BH cines of poor image quality (grade 1 or 2), the FB cines provided improved image quality in regard to overall image quality grade (p = 0.0032, Table 3 ) and SNR grade (p = 0.003). No significant differences were found regarding noise and sharpness (p = 0.45 and p = 0.47, Table 3 ).
Within this subgroup, eight patients had blurred images because of arrhythmia, five because of respiratory motion (incomplete breath-holds), and five because of a combination of arrhythmia and respiratory motion. The highest FB image quality was in the respiratory motion subgroup (average FB image quality grade 2.9 for the respiratory motion subgroup versus 2.5 and 2 for the arrhythmia and the combined arrhythmia and respiratory motion subgroups, respectively) ( Table 3 , Fig. 1 ). The observed respiratory-motion-induced artifacts were mainly related to incomplete breath-holds rather than drifts in the breathholding position. 
Interobserver and intraobserver variability: qualitative analysis
The interobserver reproducibility of the qualitative assessments was good (linearly weighted kappa 0.62; Table 4 ). The intraobserver reproducibility was good for both readers (linearly weighted kappa 0.66 for reader 1 and 0.69 for reader 2; Table 4 ).
Interobserver variability: quantitative analysis
The interobserver reproducibility was acceptable for the ROI, the profile measures, and the ED and ES area measurements (the intraclass coefficients were 0.5, 0.48, 0.49, and 0.48, respectively; Table 4 ). Corresponding Bland-Altman graphs are presented in Fig. 2 .
Analysis of potential factors impacting the quality of the free-breathing images
For the FB images of poor quality (grade 1 or 2, 29 patients in total), we analyzed the associations with the patient characteristics and the results of our reconstruction algorithm to assess potential factors explaining the reduced quality of the FB cines in the overall population. The results of our univariate and multivariate analyses are presented in Table 5 . The main image artifact encountered (in all of the 29 patients with poor FB image quality) in FB images was radially oriented streak artifacts (Figs. 3, 4) , to which radial imaging is particularly prone [23] [24] [25] . The radially oriented streak artifacts generally did not contaminate the entire image, but could be classified as (1) radially oriented streaks located at the borders of the patient and (2) radially The streaks located at the borders of the patient did not affect the analysis of the region of the heart. They typically emerged from hyperintense structures, such as subcutaneous fat (Fig. 3) . As seen in Table 5 , the patient's body mass index is not generally associated with poor FB image quality, since it is mostly responsible for streaks at the borders of the patient, which do not contaminate the region of the heart. Off-resonance artifacts (to which bSSFP sequences are very sensitive [26] ) were also encountered as potential factors explaining streaks located at the borders of the patient.
The second type of streak artifact (radially oriented streaks located inside or contaminating the region of the heart) were present in all of the patients with poor FB image quality (all of 29 patients with grade 1 or grade 2 FB cines). Those cardiac-associated streaks were found to be associated with two major factors: (1) hyperintense structures, such as mediastinal or epicardial fat, may be located in the region of the heart (in the case of prominent through-plane motion of this type of fat, streaks were likely to be present) (2) bSSFP sequences are prone to flow artifacts [27] when the associated "dark band artifact" passes through moving blood (this can be seen as a hypointense irregular linear structure inside the right or left ventricle).
Finally, when analyzing the self-gating cardiac motion signal curves obtained from the data, we found a significant number of patients with either noisy (2 of 72 patients with average-quality and good-quality FB cines and 4 of 29 patients with poor-quality FB cines) or strongly modulated (e.g., respiratory modulation of the cardiac signal) motionrelated signal curves. We found this for both the averagequality and good-quality FB cines (46 of 72 patients, 64%) and the poor-quality FB cines (18 of 29 patients, 62%; p = 0.87).
Discussion
Comparison of free-breathing and breath-held images
Our study showed that image quality was better in BH bSSFP Cartesian cardiac cine MRI compared with 2D FB XD-GRASP imaging in the overall, unselected population of 101 patients imaged.
Subgroup analysis: breath-held images of poor quality (grade 1 or 2)
In the subgroup of 18 patients where the quality of the BH images was poor by motion artifacts, the FB acquisitions provided improved image quality, due to resolving of the combined motion states.
Eighteen percent of unselected patients undergoing routine clinical CMRI had poor BH image quality in the reference short-axis cine acquisition; half of these patients appeared to have image degradation by respiratory motion. As we graded only one cine set for each patient, it is likely that there would be a higher number of patients with poorquality images if other images were also graded. Furthermore, these patients were all undergoing routine outpatient imaging; it is likely that a higher frequency of respiratory motion artifacts will be encountered in inpatient examinations, where the patients are generally sicker. Thus, the relatively high frequency of motion artifacts encountered in conventional BH cine imaging emphasizes the need for the development of reliable and robust FB imaging sequences.
Analysis of potential factors impacting the quality of free-breathing images and potential limitations of our study
As described already, radially oriented streak artifacts were the main artifacts encountered in radial imaging. Radial MRI is known to be generally sensitive to streaks [23] [24] [25] ; however, such findings were not described in the initial proof-of-concept report on the XD-GRASP technique because of the limited number of patients [6] . While the use of radial k-space sampling has some potential advantages over Cartesian sampling, the tendency to generate streak artifacts in the presence of undersampling is a major limitation. However, the same principle of treating the cardiac and respiratory cycle phases as additional dimensions for reconstruction of FB acquisitions using a multidimensional compressed sensing approach can also be extended to Cartesian sampling. Thus, the encouraging results found here for imaging of patients with poor-quality conventional cine images are also encouraging for the prospects for clinical utility of such Cartesian approaches using the same "extradimensional" FB imaging approach. Another source of image degradation in the FB images was the presence of banding artifacts in bSSFP imaging due to field inhomogeneities. Banding artifacts that occurred within the heart gave rise to streaks in the region of the heart. The FB images analyzed in this retrospective study were acquired just as a quick "add-on" at the end of clinical CMRI examinations, without any attempt to optimize the magnetic field homogeneity in the region of the heart so as to minimize these artifacts. Thus, it is likely that the use of additional field shimming and frequency adjustment steps before imaging will alleviate this problem and significantly improve the quality of the FB images.
Also, we note that FB and BH images were acquired with different acquisition parameters in this initial technical sequence development stage, including different TR and TE and particularly different spatial resolution parameters (2 × 2 mm 2 vs 1.6 × 1.6 mm 2 ), which could have favored BH image quality. These parameters could be adjusted to be more consistent in future work.
In the current work, a single-slice FB image series was acquired in each patient as a first development and clinical testing of the FB sequence. Thus, further studies are needed to validate its use for multislice 2D and 3D acquisitions. Nevertheless, given that there were no significant differences for ED and ES areas, FB imaging could possibly reliably evaluate LV volumes and therefore estimate LV ejection fraction in multiple 2D cines acquired from the LV base to the LV apex. The FB images were reconstructed with multiple respiratory phases. Since different respiratory motion states might modify the preload LV conditions by modifying intrathoracic pressure, therefore producing less reproducibility between FB and BH images, we selected the FB images at the end-expiratory phase only for comparison with the BH images, which were also acquired at the end of expiration.
We used the same reconstruction algorithm here as in the initial proof-of-concept report on the XD-GRASP technique [6] . Specifically, we used a total variation constraint, relying primarily on high temporal correlation, to handle the relatively undersampled imaging data. Choosing another sparsifying transform, or a combination of sparsifying transforms, including relying more on spatial correlation, could potentially further improve our results. The issue of k-space data undersampling artifacts may have explained some of the poor-quality FB cines. This general area could be more extensively evaluated in another study, for example, systematically evaluating the effect of different choices of temporal resolution and acquisition times, and different associated sparsifying functions.
Even though we found a significant proportion of cardiac signal curves modulated by respiratory motion, this did not seem to differ between average-quality and goodquality FB cines versus poor-quality FB cines. In most cases, even though the signal appeared modulated, after a simple filtering step (with threshold values of ratios of surrounding maxima to the detected minima, to exclude spurious minima), minimas and maximas were correctly detected. However, it has been noted that the approach used to extract respiratory and cardiac motion signal is relatively simplistic. For instance, it is prone to errors because the selection process relies on a single frequency peak. Meanwhile, irregular breathing patterns also add more challenges in signal selection. We are currently developing a more reliable algorithm to extract physiologic motion signals from a prereconstructed real-time image series. The assessment of this new approach is currently under way, and will be validated in patient studies in future work. In addition, the motion detection can also be improved in 3D imaging, where a self-navigation readout can be periodically inserted during data acquisitions for motion detection, as previously demonstrated in [28] . These potential directions will be further explored in future work.
A significant limitation of our study was the small effective sample size: 18 participants with poor-quality conventional BH cine images. Thus, these findings will need to be confirmed in a larger sample of patients undergoing clinical CMRI examinations.
Finally, although we found improved image quality with FB compared with breath holding in the subgroup of patients with poor-quality BH images, the fact that our objective measurements did not reproduce the findings of the readers' qualitative grading is a potential limitation. This could be explained by the relatively poor interreader reproducibility regarding ROI and profile measures. Thus, we will wish to reconsider the procedures used for making the quantitative measurements in any future studies (e.g., fixed positioning of ROI or profile measurements).
Perspectives
A potential further development of FB XD-GRASP cardiac cine imaging is its use in arrhythmic patients, as was initially demonstrated in a limited number of patients [6, 29] ; we did not incorporate this capability in the image reconstructions studied here. The ability to obtain a cardiac-motion-related signal during image acquisition allows us to further obtain a surrogate signal for the successive R-R intervals from the cardiac motion signal [30] ; that surrogate signal can be used to sort patients into nonarrhythmic patients and arrhythmic patients, with use of the global variation of R-R intervals [31, 32] . We can then incorporate these data into the reconstruction process, effectively using a total of five dimensions (two spatial and three physiologic, including an additional dimension corresponding to the preceding R-R interval for each cardiac cycle acquired), with an associated improvement in the reconstructed image quality. As more than half of the patients with poor BH image quality also showed evidence of arrhythmias, these patients would be expected to have further image quality improvement with FB imaging.
The self-gating property of the radial sampling MRI method used permits us to reliably retrieve both cardiac-motion-related and respiratory-motion-related signals from the imaging data. Hence, it allows reconstruction of images along both respiratory and cardiac cycle dimensions, for example, offering the possibility to track septal motion along the phases of the respiratory cycle, at fixed phases of the cardiac cycle. The ability to separately reconstruct images along the phases of the physiologic cardiac cycle and the respiratory cycle dimensions could potentially allow us to more thoroughly study interventricular coupling and the relation between preload and septal motion, as they differ during the respiratory cycle; this has been initially assessed in some studies using real-time BH cardiac cine MRI [33] .
Another potential area for further development of this self-gated multidimensional MRI approach could be for application to pediatric and fetal imaging, since BH imaging cannot be reliably performed in this population; for fetal imaging, in particular, cardiac gating cannot be done with conventional ECG monitoring.
In conclusion, although FB XD-GRASP cardiac cine MRI did not achieve image quality as good as conventional BH cardiac cine MRI overall, for a group of unselected patients undergoing clinical CMRI examinations, it provided improved image quality in the subgroup of patients who had motion-related artifacts on the conventional cine images, particularly those related to respiratory motion. Thus, the current version of the FB XD-GRASP reconstruction could potentially be used as an alternative clinical imaging method for patients unable to hold their breath, although some further improvements will be needed before it is suitable for use in all patients. However, there are promising approaches available to further pursue such imaging improvements. There is also the potential to extend these imaging methods to higher spatial dimensions (e.g., for FB magnetic resonance angiography and cardiac function applications) and to other applications, such as imaging of arrhythmic patients or pediatric and fetal patients.
